Abstract. Propargyloxycarbonyl group is used as a protecting group for the hydroxyl groups of serine, threonine and tyrosine. The propargyloxycarbonyl derivatives of these hydroxy amino acids are stable to acidic and basic reagents commonly employed in peptide synthesis. The deprotection of the O-Poc derivatives using tetrathiomolybdate does not affect commonly used protecting groups such as N-Boc, NCbz, N-Fmoc, methyl and benzyl esters. The di-and tripeptides synthesized using O-Poc derivatives of serine, threonine and tyrosine are stable, isolable compounds and give the hydroxy peptides in good yields when treated with tetrathiomolybdate.
Introduction
The protection of the hydroxyl groups of serine, threonine and tyrosine is essential for the effective preparation of peptides bearing these residues.
1,2 The most commonly used protecting groups for the side chains of these amino acids include tert-butyl and trityl ethers and rarely benzyloxycarbonyl (Cbz) and related carbonates.
1,2 Although preparation of carbamates seems to be the method of choice for the protection of amines, protection of hydroxyl groups as the corresponding carbonates is not a commonly used strategy.
3 Among the various carbonates used for the protection of alcohols, benzyl carbonates (Cbz derivatives) are the most studied. 3, 4 From our laboratory, we have reported the utility of propargyloxycarbonyl (Poc) as an efficient protecting group for the protection of hydroxyl groups in carbohydrates. 5 Poc group has been shown to be stable during glycosylation conditions. The efficient and fast deprotection of O-Poc group can be achieved under mild and neutral conditions using benzyltriethylammonium tetrathiomolybdate [(PhCH 2 NEt 3 ) 2 MoS 4 , 1]. 5, 6 The orthogonal stability of Poc group with a number of other O-protecting groups has also been established. 5 Here, we report the results of our efforts to protect the side chain hydroxyl groups of serine, threonine and tyrosine as Poc derivatives (figure 1) and the applications of these derivatives in solution phase peptide synthesis.
Experimental

General experimental procedures
All reactions were performed in oven dry apparatus and were stirred magnetically. Melting points and optical rotation (at 25°C) were recorded on digital instruments. Infrared spectra were recorded using an FT-IR instrument and the frequencies are reported in wave number (cm -1 ) and intensities of the peaks are denoted as s (strong), w (weak), m (medium).
1 H and 13 C NMR spectra were recorded on a 300 MHz and 75 MHz spectrometer respectively. Chemical shifts are reported in parts per million downfield from the internal reference, tetramethylsilane. Multiplicity is indicated using the following abbreviations:
, bs (broad singlet) and bd (broad doublet). Coupling constants are reported wherever it is necessary in Hertz (Hz) . Mass spectra were recorded on a Q-TOF electrospray instrument.
Preparation of benzyltriethylammonium tetrathiomolybdate 9
Ammonium molybdate (10 g) was dissolved in a mixture of ammonium hydroxide (60 mL) and water (20 mL), and the solution was filtered. Hydrogen sulfide was bubbled rapidly at room temperature (28°C) into the solution until it was saturated and the temperature was raised to 60°C while maintaining a slow stream of hydrogen sulfide. After 60 min, the mixture was cooled to 0°C and kept under refrigeration for 30 min. The granular product thus obtained was isolated by filtration. The crystalline solid was washed with isopropyl alcohol (25 mL × 2), ether (25 mL × 4) and dried under vacuum to get brick red crystals of ammonium tetrathiomolybdate (13⋅4-14⋅2 g, 92%).
A solution of benzyltriethylammonium chloride (23⋅31 g, 102⋅5 mmol) in distilled water (60 mL) was added to a well-stirred solution of ammonium tetrathiomolybdate (13 g, 50 mL) in distilled water (60 mL). Rapid stirring was continued for 2 h at room temperature and the solid that separated was filtered, washed with isopropyl alcohol (40 mL × 2) ether (40 mL × 4). The brick red powder of benzyltriethylammonium tetrathiomolybdate (1) was dried under vacuum and stored in a desiccator (24 g, 80%). Melting point: decomposes at 150°C.
Preparation of propargyloxycarbonyl chloride
To a stirred solution of triphosgene (2⋅23 g, 7⋅5 mmol) in anhydrous diethyl ether (30 mL), activated charcoal (0⋅05 g) was added and stirred for 1 h at room temperature (28°C). The solution was cooled to 0°C and propargyl alcohol (0⋅9 mL, 15 mmol) in anhydrous diethyl ether (10 mL) was added drop-wise. The resultant solution was stirred for 12 h and filtered. The diethyl ether layer was concentrated under reduced pressure (100 mbar) and the remaining pale green liquid was used for reactions without any further purification. Serine, threonine or tyrosine, with the amino and carboxyl groups suitably protected, (3a-i or 8, 5 mmol) is dissolved in anhydrous CH 2 Cl 2 (25 mL). The solution is cooled to -78°C and 12⋅5 mmol (1 mL) of pyridine was added drop-wise. The mixture was allowed to stir for 5 min and PocCl (0⋅55 mL, 5⋅5 mmol) was added over a period of 30 min. The reaction mixture was allowed to attain room temperature and stirred for 2 h. The crude reaction mixture was diluted with CH 2 Cl 2 (100 mL), washed twice with saturated citric acid solution (40 mL), once with water (40 mL) and then with brine (50 mL). The crude solution was dried over anhydrous Na 2 SO 4 and concentrated under vacuum. The O-Poc derivatives (4a-i or 9) were isolated as pure compounds after column chromatography (silica gel, 100-200 mesh) using a solution of ethyl acetate (10-20%) in petroleum ether as eluent. (8) Boc-Thr-OH (5 mmol, 1⋅1 g) was dissolved in acetonitrile (15 mL) and pentafluorophenol (7⋅5 mmol, 1⋅40 g) was added to the solution with stirring. The solution was then cooled to 0°C and a solution of DCC (7⋅5 mmol, 1⋅6 g) in acetonitrile was added. Reaction mixture was allowed to come to room temperature and stirring was continued for 4 h. The solvent was removed under vacuum and the residue was extracted with cold ethyl acetate (50 mL) and filtered over a celite pad. The ethyl acetate solution was washed with saturated Na 2 CO 3 solution (40 mL) and then with brine (30 mL). The crude solution of the pentafluorophenyl was dried over anhydrous Na 2 SO 4 and concentrated. The active ester 8 was then purified by column chromatography (silica gel, 100-200 mesh) eluting with a solution of ethyl acetate (10-25%) 
General procedure for the synthesis of peptides 7a-g
The O-Poc derivative of serine, threonine or tyrosine (2 mmol of 4a, 4e or 4h) was dissolved in dichloromethane (5 mL) and TFA (5 mL) was added. The reaction mixture was stirred at r.t. (28°C) for 30 min. Dichloromethane and TFA were removed under vacuum and the crude trifluoroacetate salt was used directly for peptide coupling without purification.
The trifluoroacetate salt (2 mmol, obtained as above), an N-protected amino acid (2 mmol) and HOBt (0⋅270 g, 2 mmol) were dissolved in acetonitrile (15 mL). The solution was cooled to 0°C and Nmethyl morpholine (0⋅24 mL, 2⋅2 mmol) was added drop-wise. A solution of DCC (0⋅62 g, 3 mmol) in acetonitrile (5 mL) was added to the reaction mixture. Reaction mixture was allowed to come to r.t. (28°C) and stirring was continued for 4 h. The solvent was removed under vacuum and the residue was extracted with cold ethyl acetate (50 mL) and filtered over a celite pad. The ethyl acetate solution was washed with saturated citric acid solution (40 mL), saturated Na 2 CO 3 solution (40 mL) and finally with brine (40 mL). The crude solution of the peptide was dried over anhydrous Na 2 SO 4 and concentrated. The peptides (7a-g) were purified by column chromatography (silica gel, 100-200 mesh) eluting with a solution of ethyl acetate (20-40%) in petroleum ether. To a solution of Boc-Thr(Poc)-OPfp (10, 1 mmol) in acetonitrile (5 mL), the C-protected amino acid (H-Pro-OMe or H-Phe-OMe, 1 mmol) was added and the reaction mixture was stirred for 4 h. The solvent was removed under vacuum and the residue was extracted with ethyl acetate (30 mL). The ethyl acetate solution was washed with saturated citric acid solution (40 mL), saturated Na 2 CO 3 solution (40 mL) and finally with brine (40 mL). The crude solution of the peptide was dried over anhydrous Na 2 SO 4 and concentrated. The peptides 7h and 7i were purified by silica gel (100-200 mesh) column chromatography eluting with a solution of ethyl acetate (20-40%) in petroleum ether. 2.8 General procedure for the removal of O-Poc group using benzyltriethylammonium tetrathiomolybdate (1) To a solution of the O-Poc derivative (1 mmol of 4a-i, 7a-i or 15) in acetonitrile, benzyltriethylammonium tetrathiomolybdate (1, 1⋅1 mmol, 0⋅67 g) was added at r.t. (28°C) and the reaction mixture was stirred for 1 h. Acetonitrile was removed under vacuum and the residue was extracted with a mixture of ethyl acetate and chloroform (9 : 1). The crude products were purified by column chromatography (silica gel, 100-200 mesh) eluting with a solution of ethyl acetate in petroleum ether. The Poc derivatives 4a-i are stable compounds and can be stored at room temperature for more than six months. Treating Cbz-Ser(Poc)-OMe (4c) with neat TFA did not result in the deprotection of O-Poc group and 4c could be isolated quantitatively after 24 h. The stability of O-Poc groups to neat TFA would allow the deprotection of Boc and related tert-butyl protecting groups without affecting the Poc group.
3 Treating a solution of 4c in dichloromethane with various organic bases (piperidine, DBU, triethylamine, NMM) did not result in any reaction or deprotection of the Poc group. However, the Poc derivatives of serine and threonine were not stable to treatment with DBU in DMF, which resulted in the formation of corresponding dehydroamino acid derivatives. 8 The elimination of Poc group was observed only when the reaction was performed in DMF as the solvent. 8 We were interested in examining the possibilities of using the O-Poc derivatives (4a-i) in solution phase peptide synthesis. Since the Boc group can easily be deprotected with 50% TFA in CH 2 Cl 2 , 3 the Poc derivatives 4a, 4b, 4e, 4f and 4h could be used for solution phase peptide synthesis after removal of the Boc group. Accordingly, 4a was treated with 50% TFA (CH 2 Cl 2 , 28°C, 30 min) to get the triflouroacetate salt TFA·H-Ser(Poc)-OMe (5). The trifluoroacetate salt (5) was then coupled with BocPhe-OH (6) using DCC (CH 3 CN, HOBt, NMM, 28°C) and the dipeptide Boc-Phe-Ser-(Poc)-OMe (7a) was obtained in excellent yield (scheme 2).
Similarly a few other dipeptides were synthesized using the N-Boc derivatives 4a, 4e and 4h and the corresponding dipeptides (7b-g) were obtained in good yields (table 2) . However, our initial attempts to synthesize peptides using serine, threonine or tyrosine residues at the N-terminus were unsuccessful. Efforts to hydrolyse the ester groups in 4a-i resulted in the deblocking of the Poc group or in the formation of dehydroamino acids. 8 We overcame this problem by preparing the Poc derivative, BocThr-(Poc)-OPfp (9) from the pentafluorophenyl ester Boc-Thr-OPfp (8) using 2 (scheme 3). Treating the active ester 9 with H-Pro-OMe (10) yielded the dipeptide Boc-Thr(Poc)-Pro-OMe (7h)
Scheme 2. Preparation of dipeptides using an O-Poc derivative of serine (4a).
in good yield (scheme 4, table 2: entry 8). Similarly, the peptide, Boc-Thr(Poc)-Phe-OMe (7i) was made in 83% yield from 9 and H-Phe-OMe (table 2: entry  9) . Thus we have accomplished the synthesis of peptides bearing the O-Poc residues both at the Nterminus and at the C-terminus. We anticipated that the deprotection of the O-Poc groups from the dipeptides (7a-i) could be achieved by treating them with tetrathiomolybdate (1). The dipeptide, Boc-Phe-Ser(Poc)-OMe (7a) when treated with 1 (CH 3 CN, 28°C, 1 h) yielded the corresponding hydroxy peptide Boc-Phe-Ser-OMe (11a) in excellent yield (scheme 5). All the other dipeptides (7b-i) could be similarly deprotected to the corresponding hydroxy peptides (11b-i) by treating with 1 (table 3) . Table 2 . Preparation of dipeptides with O-Poc derivatives of serine, threonine and tyrosine. We attempted the synthesis of a tripeptide from the dipeptide 4c to show that the O-Poc groups are stable to multiple protection and deprotection steps used in the synthesis of oligopeptides. Boc-AlaSer(Poc)-OMe (7c) was treated with TFA (50% in CH 2 Cl 2 , 28°C, 30 min) to deblock the N-Boc group to get the trifluoroacetate salt 12. The salt 12 was coupled with Boc-Leu-OH (13) to get the tripeptide Boc-Leu-Ala-Ser(Poc)-OMe (14) in good yield (scheme 6). The tripeptide 14 was treated with 1 (CH 3 CN, 28°C, 1 h) to get the hydroxy tripeptide 15 in excellent yield (scheme 7). Thus, we have clearly established the application of propargyloxycarbonyl group as an efficient protecting group for the hydroxy amino acids-serine, threonine and tyrosine. The protection of hydroxyl group as a Poc derivative is complimentary to strategies using tert-butyl protecting groups for the protection of amino group. Thus the methodology is quite useful in the synthesis of hydroxy peptides. It is quite evident that other hydroxy protecting groups used in peptide synthesis such as trityl, tert-butyl ether, etc. are orthogonal to Poc group making the methodology useful in the synthesis of peptides bearing diversely protected hydroxyl residues.
Conclusion
In conclusion, we have described an efficient protocol for the protection of the hydroxyl side chains of serine, threonine and tyrosine as their propargyloxycarbonyl derivatives. The O-Poc derivatives are stable to treatment with neat TFA, which make them orthogonal to tert-butyl protecting groups; but are efficiently deprotected to the corresponding hydroxyl residues using tetrathiomolybdate (1) . The O-Poc derivatives of these hydroxyamino acids are used in the solution phase synthesis of peptides. The peptides bearing O-Poc residues are deprotected to synthesize hydroxy peptides in high yields.
